Introduction {#S0001}
============

Osteoarthritis (OA) is one of the age-related diseases which often occurs in the older population and has high prevalence on the knees, hips, and hands.[@CIT0001] OA causes joint pain, stiffness, and insufficient bending angle bring to inconvenience life.[@CIT0002] Obesity is considered as one of the OA risk factors, especially for knee OA.[@CIT0003] The proportion of obese patients with arthritis was significantly higher than normal-weight patients.[@CIT0004] Excessive body weight causes increasing of the mechanical loading in the knee joint and stimulates the chondrocytes of articular cartilage to release proinflammatory cytokines.[@CIT0005] Additionally, adipocytes under the obese condition secrete cytokines and adipokines, and leads to OA progression.[@CIT0006]

Post-traumatic arthritis is known as an animal model for OA studies described by a previous study.[@CIT0007] According this model, anterior cruciate ligament transection (ACLT) can result in the instability of the knee joint.[@CIT0008],[@CIT0009] Trauma sustained in joint tissues, mainly tears of the meniscus or anterior cruciate ligament caused injuries to articular cartilage. Total or partial meniscectomy can disturb the natural loading mechanism of the knee joint, which in turn its increases the amount of strain on the articular cartilage associated with OA development.[@CIT0010]--[@CIT0012] The recent study reported that obesity from a high-fat diet was an independent risk factor for the onset of OA in the rat with an ACLT knee.[@CIT0013] The OA treatments such as oral drugs therapy and artificial joint replacement surgery can ameliorate signs and symptoms of OA, but it may be accompanied with some side effects and seems not effective for long-term application.[@CIT0014] Therefore, we would like to prevent or alleviate the pain and OA progression through functional foods or natural products. Marine organisms were recognized by their biological functions such as antioxidant, anti-inflammatory, and anticancer activity.[@CIT0015]--[@CIT0017]

The blue mussel (*Mytilus edulis*) is a commercially valuable aquatic resource. This mussel has some important nutrient contents, such as polysaccharides, protein, essential fatty acids, riboflavin, and carotenoids.[@CIT0018],[@CIT0019] Additionally, *Mytilus edulis* protein hydrolysates show antioxidant activity and anti-inflammatory properties.[@CIT0018] Carbohydrate is known as the major bioactive component of the mussel and primarily represented by polysaccharides. In some cases, sugar components can covalently be linked to the polypeptide side chain of the cell membrane proteins and form glycoprotein.[@CIT0020]--[@CIT0022] Glycoprotein is an essential molecule involved in the immune response.[@CIT0023] According to the previous studies, carbohydrate and glycoprotein can be extracted by using a hot-water.[@CIT0020],[@CIT0024] A previous study also reported that *Mytilus edulis* contains gluconic polysaccharides and possesses scavenging effects to suppresses oxidative stress.[@CIT0025] The *Mytilus edulis* water extract suppressed adipogenesis in vitro.[@CIT0026] The most recent study reported that supplementation of *M. edulis* reduces the pain and fatigue in patients with rheumatoid arthritis.[@CIT0027] A previous study also reported that water extract from *Mytilus edulis* possesses anti-obesity effects by inhibited lipid accumulation and also improves the male reproduction dysfunction in high-fat diet-induced obese rats. It also reduced leptin levels and enhanced some enzymatic antioxidant activities such as superoxide dismutase and glutathione peroxidase.[@CIT0028] An increasing level of leptin and reducing activities of enzymatic antioxidants were positively associated with osteoarthritis development.[@CIT0029],[@CIT0030] According to these findings, we hypothesized that water extract from *Mytilus edulis* also can ameliorates the cartilage degradation in this experimental model. However, the effects of this mussel extract on inflammatory cytokines, oxidative stress, and proteoglycans loss, as well as some mechanical evaluation in post-traumatic osteoarthritis with obesity model, has not been reported. Therefore, this study was aimed to investigate the ameliorative effects of *Mytilus edulis* water extract (MWE) on an anterior cruciate ligamentous and a medial meniscal surgery (ACLT+MMx) with a high-fat diet (HFD)-induced osteoarthritis in rat model.

Materials and Methods {#S0002}
=====================

Mytilus Edulis Extraction {#S0002-S2001}
-------------------------

The blue mussel (*Mytilus edulis*) was harvested in Matsu Island (Lienchiang, Taiwan). The mussel was extracted by boiling water according to a previous method.[@CIT0026] Briefly, the whole blue mussel was extracted by the boiling water (1:2, w/v) for 1 h and the filtrate and residue were separated. The extraction was performed two times with the same condition. Finally, the *Mytilus edulis* water extract (MWE) powder was obtained by a freeze-drying process of the filtrate. According to a previous study, the major compounds of this extract was composed by carbohydrate (34.71%) and protein (30.20%).[@CIT0028]

Animal Experiment {#S0002-S2002}
-----------------

Forty-two of 5-weeks old male Sprague-Dawley (SD) rats were purchased from the BioLASCO Taiwan Co., Ltd. (Yilan, Taiwan) and housed individually in a 12 h dark/light cycle. All of the procedures were carried out according to the Animal Protection Act (Act/APC) and the Experimental Animal Ethics Committee of the Council of Agriculture (CoA) of the Executive Yuan and the standard of Institutional Animal Care and Use Committee (IACUC Approval No. 105,030) of National Taiwan Ocean University, Taiwan. Briefly, rats were fed with standard rodent chow (chow-fed diet, LabDiet 5001 Rodent Diet) for 1-week acclimatization phase, and then it divided into 2 main groups. One group (n = 7) was continued to fed with a chow-fed diet (CFD) and the other groups (n = 35) were fed with the high-fat diet (HFD) for 4 weeks for developing obesity. The CFD and HFD diet compositions were shown in [Table 1](#T0001){ref-type="table"}. The body weight of obesity was approximately more than 20% of normal or sham body weight.[@CIT0031]Table 1Chow-Fed and High-Fat Diet CompositionsCompositions (Calorie, %)Chow-Fed Diet\*High-Fat Diet\*\*Carbohydrate (%)48.70 (58.00)43.50 (40.21)Protein (%)23.90 (28.50)21.53 (19.73)Fat (ether extract, %)5.00 (13.50)19.26 (40.05)Fat (acid hydrolysis, %)5.70 (0)5.09 (0)Fiber (%)5.10 (0)4.56 (0)Mineral (%)7.00 (0)6.25 (0)Calories (kcal/g)3.364.33[^1]

After 4 weeks, the obese group were divided into 5 subgroups: Obese sham group, the rats were fed with HFD and without any surgeries on the right knee (OB Sham, oral gavage by water); Obese rats with an anterior cruciate ligament transection and a partial medial meniscectomy (ACLT+MMx), but without MWE-treated (OB+OA group, oral gavage by water); and OB+OA groups were daily oral gavage with three different doses of MWE (108.5 mg/kg of body weight/day, OB+OA+MWE1X; 217.0 mg/kg/day, OB+OA+MWE2X, and 542.5 mg/kg/day, OB+OA+MWE5X) and were treated for 6 weeks (total fed with HFD about 10 weeks) ([Figure 1](#F0001){ref-type="fig"}). The rats were fasted for 12 h before sacrifice and euthanatized by exposure CO~2~ in the empty chamber. The blood sample, organs, and the operated knee were collected for future analysis. Figure 1The flowchart of an anterior cruciate ligament transection and a partial medial meniscectomy surgery-induced osteoarthritis in obese rat model.**Abbreviations:** HFD, high-fat diet; MWE, *Mytilus edulis* water extract; OA, osteoarthritis; OB, obese.

Knee Surgery {#S0002-S2003}
------------

After the phase of diet-induced obesity, the ACLT+MMx surgery was performed to induce the post-traumatic OA model. Rats were anesthetized with 25 mg/kg of Zoletil 50 (Virbac, France) by intraperitoneal injection. After, the hairs on right knee were removed and disinfected with iodine, cut off the skin vertically on the knee; an anterior cruciate ligament and a partial medial meniscus were transacted and removed to induce OA (OB+OA group). A surgery was conducted in sham group by entering the joint without any damages to ligament and meniscus (OB sham group). After the surgery, the wound was washed with sterile saline and was sutured by 4--0 chromic catgut (Unik, Taiwan) and braided silk (Unik, Taiwan). Cephalosporin antibiotic (10 mg/kg) was injected intraperitoneally to avoids postoperative infection for 3 days.[@CIT0033]

Sample Collection {#S0002-S2004}
-----------------

Blood samples were collected by using heparinized-syringe into collection tubes and centrifuged at 1000× g at 4°C for 15 min to get the plasma. The plasma was stored for future analyses at −80°C. The removed-knees were fixed in 4% formaldehyde solution and sent to Rapid Science Co., Ltd. (Taichung, Taiwan) for making slices.

Knee Width and Pain Behavior Measurement {#S0002-S2005}
----------------------------------------

The width of the knee joints of rats before the ACLT+MMx surgery was measured by using an electronic digital caliper. The width joints were measured every week after the surgery.[@CIT0034] The pain behavior of the rat's joints after the surgery was evaluated by using Incapacitance tester.[@CIT0035] Briefly, the rats were trained to stand in the box located on the Incapacitance tester to evaluate the bipedal balance. Under normal situations, the weight of the rat hindlimb will be distributed equally. However, one side of the knee injury contributed to the bipedal imbalance. The measurement was tested 3 times during analysis.

Plasma Biochemical Assay {#S0002-S2006}
------------------------

Plasma triglycerides (TG) and total cholesterol (TC) concentration were detected by commercial kits (Randox Laboratories, UK). The low-density lipoprotein-cholesterol (LDL-C) and high-density lipoprotein-cholesterol (HDL-C) were determined by commercial kits (Fortress Diagnostics, UK). Superoxide dismutase (SOD) activity was measured by kit (Randox Laboratories, UK). Tumor necrosis factor (TNF)-α (Abcam, UK) and interleukin (IL)-1β (R&D Systems, USA) in plasma were detected by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's protocols. Plasma malonaldehyde (MDA) was estimated by following the previous method.[@CIT0036] Plasma (100 μL) was mixed with 200 μL of a reactive solution (15% (w/v) trichloroacetic acid in 0.25 N HCl and 0.375% (w/v) thiobarbituric acid in 0.25 N HCl) and was placed at 100°C in a water bath for 15 min. After the cooling, 300 μL of n-butanol was added and centrifuged at 1500× g for 10 min. The supernatant was collected and measured at the 532 nm absorbance.

Knee Histopathology Analysis {#S0002-S2007}
----------------------------

Safranin-O/Fast green staining method was adopted according to the previous method.[@CIT0037] The slices were deparaffinized, hydrated with distilled water, and immersed in Wiegert's iron hematoxylin (ferric chloride, aqueous: 1% hematoxylin 1%, alcoholic = 1:1) for 5 min. Then, it was differentiated by 1% acid alcohol and washed the slices gently by distilled water. The slices were soaked in 0.1% fast green, 1% acetic acid and 1% Safranin-O for 5 min and rinsed in 95% alcohol in the end. The histopathology of OA on knee joints was scored by according to the Osteoarthritis Research Society International (OARSI) as described by previous methods as shown in [Table 2](#T0002){ref-type="table"}.[@CIT0038],[@CIT0039] Table 2The Knee Histopathology Scoring According to OARSI Grading\*GradeDescriptionsGrade 0Normal cartilage; hyaline articular cartilage uninvolved with OAGrade 1Threshold in cartilage for OA and characterized by the retention of the articular cartilage surface layerGrade 2Focal discontinuity of the cartilage superficial zoneGrade 3The extension of matrix cracks into the mid zone to form vertical fissures (clefts)Grade 4Cartilage erosionGrade 5Denudation, the complete erosion of the hyaline cartilage to a level of mineralized cartilage or boneGrade 6Changes in the contour of the cartilage surface (deformation)[^2]

Statistical Analysis {#S0002-S2008}
--------------------

The SPSS 22.0 software was used to analyze the experimental data. All data were expressed as mean ± standard error of the mean (SEM.). The comparison of specific the group was based on a single factor difference analysis, and the statistical difference was analyzed by a unique *t*-test (independent sample). Multiple comparisons of the different groups were analyzed by Duncan's test at a value of *p* \< 0.05 significant level.

Results {#S0003}
=======

Effects of MWE on Weight and Body Compositions {#S0003-S2001}
----------------------------------------------

The weight of all the OB groups significantly higher than the Sham group and it was about 27% ([Figure 2](#F0002){ref-type="fig"}). The data showed that the obesity was induced in OB groups. We also observed the weight of the OB+OA+MWE5X group was lower than the OB+OA groups. The adipose tissue weight of the OB group significantly higher than the Sham group. Treated with high doses of MWE (MWE5X) significantly decreased the abdominal adipose tissue weight ([Table 3](#T0003){ref-type="table"}). Therefore, we found that the MWE has beneficial effects on inhibiting weight gain. Figure 2The effects of *Mytilus edulis* water extract on body weight in the OA rat model during the experiment.**Notes:** Data are shown as the mean ± SEM. Differences were considered significant at \*\*\**p* \< 0.001 versus Sham group.**Abbreviations:** MWE, *Mytilus edulis* water extract; OA, osteoarthritis; OB, obese.Table 3Effects of *Mytilus Edulis* Water Extract Supplementation on Body Weight, Organ Weight, and Adipose Tissue Weight of Rats After Treatment for 6 WeeksParametersShamOBOB+OAOB+OA MWE1XOB+OA MWE2XOB+OA MWE5XBody weight (g)388.36±19.86^c^524.65±46.12^ab^538.01±40.39^a^522.23±43.85^ab^506.48±48.85^ab^486.89±29.06^b^% of \[organ weight (g)/body weight (g)\]Spleen0.13±0.02^ab^0.13±0.01^b^0.15±0.01^a^0.15±0.02^a^0.14±0.01^ab^0.14±0.01^ab^Kidney0.78±0.06^ab^0.71±0.04^c^0.73±0.06^bc^0.71±0.05^c^0.71±0.03^c^0.79±0.05^a^Abdominal adipose1.56±0.26^c^2.97±0.77^a^2.54±0.45^ab^2.48±0.67^ab^2.37±0.28^ab^2.30±0.44^b^Epididymal adipose1.23±0.42^b^2.09±0.33^a^1.98±0.38^a^1.84±0.33^a^1.80±0.25^a^1.87±0.23^a^[^3]

Effects of MWE on Plasma Lipid {#S0003-S2002}
------------------------------

The total plasma cholesterol (TC) increased significantly in the OB group when compared to the Sham group. After treatment with MWEs for 6 weeks, the TC decreased significantly as compared to the OB group ([Table 4](#T0004){ref-type="table"}). The LDL-C/HDL-C also significantly decreased after treated with high-dose of MWE especially in the high-dose of MWE (MWE5X). Table 4Effects of *Mytilus Edulis* Water Extract on Plasma Triglycerides, Total Cholesterol, and LDL-Cholesterol/HDL-Cholesterol of Rats After Treatment for 6 WeeksParameters (mg/dL)ShamOBOB+OAOB+OA MWE1XOB+OA MWE2XOB+OA MWE5XTG69.61±3.92^ab^79.32± 2.68^ab^84.35±15.67^a^71.66±11.42^ab^57.62±17.76^b^64.45±21.76^ab^TC91.56±22.69^b^116.31±29.53^a^125.81±17.35^a^86.10±16.90^b^67.80±16.54^b^77.57±17.02^b^LDL-C/HDL-C1.13±0.28^ab^1.27±0.43^a^1.30±0.27^a^1.02±0.25^ab^1.00±0.45^ab^0.82±0.22^b^[^4]

Effects of MWE on Proinflammatory Cytokines Level {#S0003-S2003}
-------------------------------------------------

To investigate the inflammation level under OB and OA conditions, we used the ELISA kits to detect the plasma TNF-α and IL-1β. The results indicated that the concentration of TNF-α increased in the OB+OA group and declined after fed by MWE ([Figure 3A](#F0003){ref-type="fig"}). However, there were no differences in the plasma IL-1β level in all groups ([Figure 3B](#F0003){ref-type="fig"}). Figure 3Effects of *Mytilus edulis* water extract on plasma (a) TNF-α and (b) IL-1β levels after treatment for 6 weeks.**Notes:** Data are shown as the mean ± SEM. The values with different letters ^a--c^Represent a significantly difference (*p* \< 0.05) as analyzed by Duncan's multiple range test.**Abbreviations:** IL, interleukin; MWE, *Mytilus edulis* water extract; OA, osteoarthritis; OB, obese; TNF, tumor necrosis factor.

Effects of MWE on SOD Activity and MDA Level {#S0003-S2004}
--------------------------------------------

The result showed that the MWE enhanced superoxide dismutase (SOD) activities especially in the high-dose of the MWE group, however no significant when compared to the OB+OA group ([Figure 4A](#F0004){ref-type="fig"}). Additionally, we also measured the concentration of the plasma malondialdehyde (MDA) to evaluate lipid peroxidation and the results indicated that the plasma MDA in the OB+OA+MWE2X group and the OB+OA+MWE5X group was significantly reduced when compared to untreated OB+OA group. Therefore, MWE might have the effect of attenuating oxidative stress ([Figure 4B](#F0004){ref-type="fig"}). Figure 4Effects of *Mytilus edulis* water extract on plasma (**A**) SOD activity and (**B**) MDA level after treatment for 6 weeks.**Notes:** Data are shown as the mean ± SEM. The values with different letters ^a--c^Represent a significantly difference (*p* \< 0.05) as analyzed by Duncan's multiple range test.**Abbreviations:** MDA, malondialdehyde; MWE, *Mytilus edulis* water extract; OA, osteoarthritis; OB, obese; SOD, superoxide dismutase.

MWE Improved Articular Cartilage Degradation {#S0003-S2005}
--------------------------------------------

As shown in [Figure 5A](#F0005){ref-type="fig"}, hematoxylin and eosin (H&E) staining was used to evaluate the distribution of chondrocyte and histology of articular cartilage. We found that there was no tears and abnormal chondrocytes on the articular cartilage surface on the Sham group and OB group. The abnormal proliferation (clusters) and hypertrophy of chondrocytes were observed in the OB+OA group. Furthermore, we used the Safranin-O/fast green stain to examine the level of proteoglycan loss on the cartilage surface. The results indicated that MWE2X or MWE5X could reduce proteoglycan loss ([Figure 5B](#F0005){ref-type="fig"}). The sham group showed the healthy (normal) joint tissue with the normal architecture matrix (Grade 0). However, the OB+OA group showed the degradation of articular cartilage, as indicated by the loss of staining on the slice (Grade 2). Whereas, treatment with high-dose of MWE suppresses loss of cartilage (Grade 1). Figure 5The representative of knee-joint histopathology: (**A**) Hematoxylin and eosin (H&E) and (**B**) Safranin-O staining after treatment with *Mytilus edulis* water extract for 6 weeks.**Notes:** The Safranin-O interpretation: Cartilage (orange to red), cytoplasm (bluish or grey-green) and nuclei (black). The black scale represents 5 μm.**Abbreviations:** MWE, *Mytilus edulis* water extract; OA, osteoarthritis; OB, obese.

Effects of MWE on Knee Joint {#S0003-S2006}
----------------------------

After the ACLT+MMx surgery, the bipedal balance has broken down in all the OB+OA groups. However, the bipedal imbalance improved after treated by MWEs ([Figure 6A](#F0006){ref-type="fig"}). Additionally, we found that the rats were fed with MWE2X and MWE5X could significantly alleviated the level of swelling ([Figure 6B](#F0006){ref-type="fig"}). Figure 6Effects of *Mytilus edulis* water extract on knee joint: (**A**) evaluation of the incapacitance test changes after the ACLT+MMx surgery and (**B**) time-course of the knee joint width changes.**Notes:** Data are shown as the mean ± SEM. Differences were considered significant at \**p* \< 0.05 and \*\*\**p* \< 0.001 versus OB+OA group.**Abbreviations:** MWE, *Mytilus edulis* water extract; OA, osteoarthritis; OB, obese.

Discussion {#S0004}
==========

This study demonstrated the oral administration of *Mytilus edulis* water extracts on post-traumatic osteoarthritis (OA) with obesity in the rat model. An anterior cruciate ligament transection induced post-traumatic OA with a partial medial meniscectomy in the right knee was the key of experimental design. Whereas, a high-fat diet-induced the obesity condition for 4 weeks before induced OA. The *Mytilus edulis* water extract (MWE) was orally administrated to rat for 6 weeks ([Figure 1](#F0001){ref-type="fig"}). A previous study reported that the major compounds of *Mytilus edulis* water extract was carbohydrates and protein.[@CIT0028] In some cases, sugar components can covalently be linked to the polypeptide side chain of the cell membrane proteins and form glycoprotein.[@CIT0022] Glycoprotein is an essential molecule involved in the immune response.[@CIT0023] In this study, the glycoprotein compound was extracted by using boiling water according to the previously studies.[@CIT0026] Additionally, a previous study also reported that the glycoprotein could be extracted by using boiling water and the glycoprotein form was verified by using high-performance liquid chromatography (HPLC) and Sepharose CL-6B column chromatography.[@CIT0028],[@CIT0040] According to these studies, glycoprotein compounds could exhibit their biological activities, although it extracted by boiling water. In the clinical applications, *M. edulis* extract possesses anti-obesity protein on a high-fat diet-induced obese rat model.[@CIT0028] The most recent study related to arthritis disease, it reduced the pain and fatigue in a patient with rheumatoid arthritis.[@CIT0027]

Obesity condition is characterized by increasing body weight and it results from the excessive accumulation of fat in the adipose tissues. Previous studies reported that the joint loading on the knee was increased with increasing body weight.[@CIT0041],[@CIT0042] The present study showed that the body weight was increased in high-fat diet group when it compared to chow-fed diet group ([Figure 2](#F0002){ref-type="fig"}) and high-dose of MWE treatment could reduce the body weight. Reducing the body weight could decrease the joint loading or mechanical force of the knee. Therefore, reducing body weight is one of the non-pharmacological treatment for OA management.[@CIT0043] Additionally, reduction of the body weight also accompanied by a reduction of the epididymal and retroperitoneal fat ([Table 3](#T0003){ref-type="table"}). Adipose tissues are mainly composed of adipocytes. Its source of some proinflammatory cytokines, such as TNF-α, IL-1β, and leptin.[@CIT0044] Therefore, by reducing adipose weight, it also can reduce these proinflammatory expressions. The extract also reduced the plasma lipid properties, such as triglycerides, total cholesterol, and LDL-cholesterol ([Table 4](#T0004){ref-type="table"}). Previous studies reported that high expressions of TG and TC were associated with OA progression.[@CIT0045],[@CIT0046] These results supported by the earlier study that the in-vitro study of *Mytilus edulis* water extract possessed anti-adipogenesis activity and inhibited the lipid accumulation on 3T3-L1 cells.[@CIT0026] A previous study also reported that *Mytilus edulis* water extract showed the anti-obesity properties by inhibited lipid accumulation.[@CIT0028] Additionally, MWE increased the HDL-cholesterol level. These results show that MWE possessed an anti-obesity and might be promoting as anti-arthritic.

Accumulation of adipose tissue can induce the production of some proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6.[@CIT0047] These cytokines have been reported it is associated with the development of OA by induction some degradation enzymes include matrix metalloproteinases (MMPs), such as MMP-1, MMP-3, and MMP-13.[@CIT0048],[@CIT0049] Our results showed that treated with MWE could reduce TNF-α expression, however no effect on IL-1β expression ([Figure 3A](#F0003){ref-type="fig"}). This condition, due to different types of cytokines, also shown a different response or interaction mechanism to bioactive compounds.[@CIT0050] A previous study also reported that similar conditions with the present study, whereas fucoidan extract could be significantly reduced TNF-α, but no significant effect on IL-1β level.[@CIT0039]

Blocking the production of TNF-α is one of targeting for prevents or reduces the OA progression.[@CIT0051] Additionally, overexpression of proinflammatory has a strong correlation with the raising of oxidative stress. We found that obesity with osteoarthritis (OB+OA) has a high level of MDA (lipid peroxidation marker) production and low level of superoxide dismutase (SOD) antioxidant ([Figure 4](#F0004){ref-type="fig"}). The main function of antioxidant enzymes is to eliminate free radicals and prevent the cells and tissues. The previous study reported that oxidative stress positively correlated with OA development.[@CIT0052],[@CIT0053] Therefore, reducing the oxidative stress level is a typical method to reduce the OA progression by increasing the antioxidant activity.[@CIT0054] Oral administration of MWE for 6 weeks could reduce oxidative stress by enhancing the SOD activity and reducing the level of lipid peroxidation product such as MDA ([Figure 4](#F0004){ref-type="fig"}).

Based on the Safranin-O/fast green staining, Sham or normal group showed the normal cartilage matrix without loss of proteoglycan structure (Grade 0). Grade 0 is characterized by hyaline articular cartilage uninvolved with OA and smooth of the cartilage surface. On another hand, the OA condition leads to the loss of proteoglycan and focal discontinuity of the superficial cartilage zone (Grade 2). After treatment with MWE for 6 weeks, the high-dose of MWE suppressed the proteoglycan loss (Grade 1) ([Figure 5B](#F0005){ref-type="fig"}). Grade 1 is characterized by the retention of the articular surface layer.[@CIT0038] The structure of the cartilage proteoglycan changed and it was considered the most common event during OA.[@CIT0055] The overexpression of some degradation enzymes (e.g., MMPs) lead to cartilage degeneration, whereas MMPs can be induced by some proinflammatory cytokines such as TNF and IL-1 family.[@CIT0056],[@CIT0057] We found that after ACLT+MMx surgery, the weight-bearing difference and knee swelling were increased in all surgery groups ([Figure 6A](#F0006){ref-type="fig"}) and it was evaluated by taking incapacitance tester measurement ([Figure 6B](#F0006){ref-type="fig"}). Treatment with MWE for 6 weeks reduced the weight-bearing difference and knee swelling. In most cases, OA causes joint swelling, pain, and disability to the patient.[@CIT0058]

In the present study, we also found that low-dose of MWE treatment (OB+OA+MWE1x) show more proteoglycan loss than untreated-OA group (OB+OA). However, the weight-bearing and knee swelling cases, low-dose treatment more effective effects. We hypothesized that even if low-dose treatment of MWE, it could be reducing the prostaglandin (PG)-E~2~ expression. However, the dose is not enough to reduce enzymes related to cartilage degradation, such as MMPs. Additionally, the PG-E~2~ expression of is correlated with the sign of inflammation such as pain and swelling.[@CIT0059] Through the transcriptional factor NF-κB pathway, the expression of some chondrolytic mediators, such as PG-E~2~ and MMPs can induce by IL-1β and TNF-α.[@CIT0056]

Conclusion {#S0005}
==========

Overall, oral supplementation of *Mytilus edulis* water extract (MWE) showed the ameliorative effects on osteoarthritis (OA) progression in the obese rat model. The MWE reduced total cholesterol level and ameliorated oxidative stress by enhancing the activity of superoxide dismutase and decreasing the degree of lipid peroxidation. Moreover, MWE also reduced the level of the proinflammatory cytokines and thereby alleviated the inflammation and knee swelling. Oral administration of MWE also reduced the loss of proteoglycan in articular cartilage tissue of the knee OA. Therefore, MWE has the potential to be an alternative for osteoarthritis treatment.
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[^1]: **Notes:** \*Data from the chemical composition information of Laboratory Rodent Diet 5001 ([[\"http\"://\"www\".southernagriculture.com/labdiet-5001-rodent-diet/paaaialopbeeljap/product](http://www.southernagriculture.com/labdiet-5001-rodent-diet/paaaialopbeeljap/product)]{.ul} ); \*\*The diet formula for high-fat diet was adapted from Woods et al.[@CIT0032]

[^2]: **Note:** \*Data from these studies.[@CIT0038],[@CIT0039]

    **Abbreviations:** OA, osteoarthritis; OARSI, Osteoarthritis Research Society International.

[^3]: **Notes:** Data are shown as the mean ± SEM. Duncan's multiple range test was performed to compare the measurements between each other in each row. Different alphabet in annotation (^a--c^) represents significant difference (*p* \< 0.05).

    **Abbreviations:** MWE, *Mytilus edulis* water extract; OA, osteoarthritis; OB, obese.

[^4]: **Notes:** Data are shown as the mean ± SEM. Duncan's multiple range test was performed to compare the measurements between each other in each row. Different alphabet in annotation (^a,b^) represent significant difference (*p* \< 0.05).

    **Abbreviations:** HDL-C, high-density lipoprotein-cholesterol; LDL, low-density lipoprotein-cholesterol; OA, osteoarthritis; OB, obese; TG, triglycerides; TC, total cholesterol.
